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ABSTRACT We report the continuous-wave and acousto-optical
Q-switched operation of a diode-end-pumped Tm:YAP laser.
Continuous-wave output power of 3.5 W at 1.99 µm was ob-
tained under the absorbed pump power of 14 W. Under Q-
switched laser operation, the average output power increased
from 1.57 W to 2.0 W, with an absorbed pump power of 12.6 W,
as the repetition rate increased from 1 kHz to 10 kHz. The max-
imum Q-switched pulse energy was 1.57 mJ with a repetition
rate of 1 kHz. The minimum pulse width was measured to be
about 80 ns, corresponding to a peak power of 19.6 kW.
PACS 42.55.Rz; 42.55.Xi; 42.60.Gd
1 Introduction
Solid-state lasers working at the 2-µm waveband
are of great interest because of several favorable character-
istics. Owing to the strong absorption by liquid water, the
2-µm laser is an ideal light source for bio-medical applica-
tions. The 2-µm laser can also be used for range finding,
coherent laser lidar and atmospheric sensing since it is in the
eye-safe spectral range. In addition, high-power 2-µm lasers
are preferable as pump sources for optical parametric oscil-
lators (OPOs) and optical parametric amplifiers (OPAs) in
the mid-infrared region than 1-µm lasers since they provide
higher quantum efficiency. Based on these considerations,
solid-state lasers operating around the 2-µm waveband have
been intensively investigated recently [1–3]. In order to ob-
tain the 2-µm-waveband laser oscillation, the rare-earth-ion
thulium (Tm3+) and holmium (Ho3+) doping materials, which
work as quasi-three-level laser systems, are commonly used.
However, due to the existence of reabsorption loss, the laser
performance is sensitive to the change of temperature. For
this, liquid-nitrogen cooling is often used to achieve a high-
efficiency laser output but this incurs great inconvenience in
practical applications. In addition to the temperature of the
laser system, the physical and chemical properties of the laser
host can greatly affect the laser performance. Therefore, stud-
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ies of laser hosts for 2-µm lasers have also been intensively
carried out. Laser operations based on several hosts such
as YAG, YLF and vanadates (YVO4 and GdVO4) etc. were
reported [4–7]. Furthermore, the search for better Tm-host
crystals is still in progress and recent studies show promis-
ing results with YAP single crystals [8, 9]. Laser emission
from Tm:YAP crystal was first demonstrated with flash-lamp
pumping [10] and then using Ti:sapphire laser pumping [11].
Currently, it has been demonstrated that diode pumping is the
most efficient way for Tm:YAP laser pumping [12, 13]. The
Tm:YAP single crystal is attractive as active material for 2-µm
lasers mainly due to its natural birefringence combined with
good thermal and mechanical properties similar to those of
the YAG crystal [8]. In addition, the emission cross section of
thulium in the YAP crystal (5.5 ×10−21 cm2) is twice as high
as that in the YAG crystal (2.2 ×10−21 cm2) [9]. Furthermore,
it has been demonstrated that the Tm:YAP laser perform-
ance is less sensitive to the change of temperature than the
Tm:YAG laser crystal [8]. In addition to the continuous-wave
operation of the Tm:YAP lasers, there is increasing interest in
Q-switched Tm:YAP lasers because high-energy Q-switched
pulses are expected in such lasers due to an upper-energy
lifetime of as high as 4 ms. In 2004, Sullivan et al. demon-
strated a high-power acousto-optically Q-switched Tm:YAP
laser with dual-end diode pumping. And, Q-switched opera-
tion with 7 mJ of output energy was obtained [14]. However,
the laser worked at a temperature of −10 ◦C instead of room
temperature and its Q-switched performance was only dis-
cussed very briefly in the paper. So, the detailed performance
of the Q-switched Tm:YAP laser still needs to be further
investigated.
In this paper, we report the room-temperature continuous-
wave (cw) and acousto-optical (AO) Q-switched operation of
a diode-end-pumped Tm:YAP laser. Continuous-wave output
power of 3.5 W at 1.99 µm was obtained under an absorbed
pump power of 14 W. The active Q-switched operation of
the laser has an average output power from 1.57 W to 2.0 W
when the absorbed pump power was set at 12.6 W and the
repetition rate increased from 1 kHz to 10 kHz. The maximum
Q-switched pulse energy was 1.57 mJ at a repetition rate of
1 kHz. The minimum pulse width was measured to be about
80 ns at the same repetition rate, corresponding to a peak
power of 19.6 kW.
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2 Experimental setup and results
The laser setup used in our experiment is schemat-
ically shown in Fig. 1. Although the absorption peak of
Tm:YAP crystal is around 795 nm, a pigtailed 808-nm laser
diode (LIMO 60-F400-DL808) was used as pump source be-
cause of the absence of an appropriate pump source at 795 nm.
The pump light output from the fiber was focused into the
laser crystal by using a lens system of 6 cm working distance.
The focused pump beam in the laser crystal had a diameter of
about 320 µm. The laser cavity consisted of two mirrors (M1
and M2). The input flat mirror (M1) was high-reflection (HR)
coated at 2 µm and anti-reflection (AR) coated at 808 nm.
A concave mirror was used as the output coupler (M2) with
a radius of curvature of 200 mm and a reflectivity of 94% at
2 µm. The cavity length was about 9 cm. The c-cut Tm:YAP
laser crystal has a Tm3+-doping concentration of 3 at. % and
dimensions of 3 ×3 mm2 in cross section and 7 mm in length.
Both sides of the laser crystal were AR coated at both wave-
lengths 808 nm and 2 µm to reduce the optical loss. In order
to remove the generated heat efficiently during the experi-
ment, the sample was wrapped with an indium foil and tightly
mounted in a water-cooled aluminum holder. The temperature
of the cooling water was set at 13 ◦C. An AO Q-switch work-
ing at 2-µm waveband was placed between the laser crystal
and M2, and its repetition rate could be tuned continuously
from 1 kHz to 50 kHz. The AO Q-switch was mounted on
a translation stage and inserted into the cavity. The position
of the Q-switch in the cavity can be adjusted to obtain an
optimum Q-switching performance of the laser.
FIGURE 1 Schematic diagram of experimental setup
FIGURE 2 Output power versus absorbed pump power
With an appropriate alignment of the laser cavity, we have
obtained the laser emission in the laser crystal. It was found
that the output laser light was linearly polarized. Because of
the mismatch between the pumping wavelength and the ab-
sorption peak of the laser crystal, only 47% of the pump light
was absorbed by the laser crystal. Therefore, the absorbed
pump power was used here to scale the laser output power.
Figure 2 shows the results of the output power as a function of
absorbed pump power. At the absorbed pump power of 14 W
the maximum cw output power of 3.5 W was obtained. For
the Q-switched operation, the average output power dropped
to 2.1 W when the repetition rate was set at 5 kHz due to
the insertion loss of the AO Q-switch. As shown in Fig. 2,
both the cw and Q-switched operation show a linear increase
in the output power and no power saturation is observed.
The average output power of the Q-switched laser at differ-
ent Q-switching repetition rates was also investigated and is
shown in Fig. 3. At the pump power of 12.6 W, the average
output power was 2.0 W and 1.57 W with a repetition rate of
10 kHz and 1 kHz, respectively. Correspondingly, the pulse
energy dropped from 1.57 mJ to 200 µJ when the repetition
FIGURE 3 Average output power as a function of Q-switching repetition
rate with an absorbed pump power of 12.6 W
FIGURE 4 Output power as a function of temperature of cooling water
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rate was tuned from 1 kHz to 10 kHz. It was found that the
average output power did not change prominently when the
repetition rate changed 10 times. It is because the Tm:YAP
has an upper-level lifetime of 4 ms, which enables the laser
to work at low repetition rate while the output performance
would not be affected greatly. We have also investigated the
relationship between the output performance and the tempera-
ture of cooling water as shown in Fig. 4. The data were meas-
ured at an absorbed pump power of 12.6 W and a normalized
output power level was chosen for a direct comparison at dif-
ferent cooling temperatures. It is clearly shown in Fig. 4 that
for the Tm:YAP laser crystal, the laser output power is sensi-
tive to the change of temperature. When the cooling tempera-
ture increases from 5 ◦C to 25 ◦C, the laser output power drops
to half of its maximum value. However, it is noted that the
laser performance changed slowly over the range from 5 ◦C to
15 ◦C and deteriorated quickly at higher temperature settings.
Such quick deterioration of the laser performance at higher
temperature settings is mainly due to the fact that the heat de-
posited in the laser crystal cannot be removed efficiently and
FIGURE 5 Spectrum of laser radiation centered at 1989 nm
FIGURE 6 Oscilloscope trace of a Q-switched pulse with a FWHM of
120 ns at a repetition rate of 1 kHz and an absorbed pump power of 12.6 W
it would result in an even higher working temperature of the
crystal.
By using a HgCdTe photodetector and a monochroma-
tor, the laser output wavelength was measured and is shown
in Fig. 5. It shows that the lasing wavelength is centered at
1989 nm. The lasing wavelength at different pump power lev-
els and cooling temperatures was also investigated. No visible
wavelength shifts were observed. It shows that the output
wavelength is not sensitive to the change of Tm:YAP tempera-
ture despite the quasi-three-level nature of the laser material.
The Q-switched laser pulse was detected by using a fast
InGaAs photodiode (response wavelength extended to
2.1 µm) and a 100-MHz digital real-time oscilloscope (Tek-
tronix TDS220). Figure 6 shows the oscilloscope trace of
a Q-switched pulse with FWHM of 120 ns at a repetition
rate of 1 kHz and an absorbed pump power of 12.6 W. The
laser pulse widths at the pump power of 12.6 W and at dif-
ferent repetition rates are shown in Fig. 7. The pulse width
increased greatly from 120 ns to 460 ns as the repetition
rate was tuned from 1 kHz to 10 kHz. Correspondingly, the
peak power of the laser output decreased from 13.1 kW to
FIGURE 7 Laser pulse widths at different repetition rates with an absorbed
pump power of 12.6 W
FIGURE 8 Laser pulse width versus absorbed pump power at a fixed repe-
tition rate of 1 kHz
136 Applied Physics B – Lasers and Optics
437 W. Furthermore, at the fixed repetition rate of 1 kHz, the
dependence of laser pulse width on absorbed pump power
was measured and is shown in Fig. 8. The pulse width de-
creased quickly as the absorbed pump power increased. It
is noted that the pulse width was reduced to 80 ns when
the absorbed pump power was as high as 14.4 W. How-
ever, the coating at both sides of the laser crystal could not
sustain the high peak light intensity in this case and was
broken down soon when the pump power was kept at such
a value. In this case, the peak power was estimated to be
19.6 kW. Since only the coating of the laser crystal was
broken down, even shorter Q-switched pulses are expected
if the coating quality of the laser crystal should be further
improved.
3 Conclusion
In conclusion, we have demonstrated a room-
temperature diode-end-pumped continuous-wave and acous-
to-optical Q-switched Tm:YAP laser. Continuous-wave out-
put power of 3.5 W at 1.99 µm was obtained under an ab-
sorbed pump power of 14 W. The active Q-switched opera-
tion of the laser has an average output power from 1.57 W to
2.0 W with the absorbed pump power of 12.6 W when the rep-
etition rate increased from 1 kHz to 10 kHz, respectively. The
maximum Q-switched pulse energy of 1.57 mJ was obtained
at a repetition rate of 1 kHz. The minimum pulse width was
measured to be about 80 ns, corresponding to a peak power
of about 19.6 kW. The preliminary experimental results show
that Tm:YAP is a promising laser material for cw and pulsed
room-temperature 2-µm lasers.
ACKNOWLEDGEMENTS This work was supported by the Nat-
ural Science Foundation of China (Project No. 60778001) and the Program
for New Century Excellent Talents in University.
REFERENCES
1 P.A. Budni, M.L. Lemons, J.R. Mosto, E.P. Chicklis, IEEE J. Sel. Top.
Quantum Electron. 6, 629 (2000)
2 T.Y. Tsai, M. Birnbaum, Appl. Opt. 40, 6633 (2001)
3 X. Mateos, V. Petrov, J.H. Liu, M.C. Pujol, U. Griebner, M. Aguilo´,
F. Dı´az, M. Galan, G. Viera, IEEE J. Quantum Electron. 42, 1008 (2006)
4 H. Saito, S. Chaddha, R.S.F. Chang, N. Djeu, Opt. Lett. 17, 189 (1992)
5 I.F. Elder, M.J.P. Payne, Opt. Commun. 145, 329 (1998)
6 K.S. Lai, P.B. Phua, R.F. Wu, Y.L. Lim, E. Lau, S.W. Toh, B.T. Toh,
A. Chng, Opt. Lett. 25, 1591 (2000)
7 W.J. He, B.Q. Yao, Y.L. Ju, Y.Z. Wang, Opt. Express 14, 11 653 (2006)
8 I.F. Elder, M.J.P. Payne, Opt. Commun. 148, 265 (1998)
9 S.A. Payne, L.L. Chase, L.K. Smith, W.L. Kway, W.F. Krupke, IEEE
J. Quantum Electron. QE-28, 2619 (1992)
10 M.J. Weber, M. Bass, T. Varitimos, D. Bua, IEEE J. Quantum Electron.
QE-9, 1079 (1973)
11 R.C. Stoneman, L. Esterowitz, IEEE J. Sel. Top. Quantum Electron. 1,
78 (1995)
12 T. Thevar, N.P. Barnes, Appl. Opt. 45, 3352 (2006)
13 P. ˇCerny´, J. ˇSulc, H. Jelı´nkova´, Proc. SPIE 6190, 619 008 (2006)
14 A.C. Sullivan, G.J. Wagner, D. Gwin, R.C. Stoneman, A.I.R. Malm, in
Advanced Solid-State Photonics (ASSP) 2004, paper WA7
